novel and familiar objects (Figure 2 ). When nondegraded Wiggs and Martin, 1998). Support for this comes from objects were used as samples (100% stimulus level), observations that some IT neurons show an apparent monkeys performed near ceiling with both familiar and increase in responsiveness to familiar stimuli, at least novel objects (95% and 92% correct, respectively, p ϭ with weeks or months of experience (Kobatake et al., 0.14, t test). Performance was at chance level at the 0% 1998). Establishing a link between these changes and stimulus level because there was no object information present in the sample, and the monkeys were guessing.
(c) Example of a behavioral trial. A sample object (one of the five objects at one of seven stimulus levels) was presented for 650 ms. After a 1000 ms delay, either a match or a nonmatch object (one of the five objects, always at 100% stimulus) was presented for 650 ms.
82% correct with familiar and 56% correct with novel was novel or familiar. To do this, we examined neural responses to nondegraded (100% stimulus level) obobjects, p ϽϽ 0.0001, t test). We attribute this improvement in performance at intermediate stimulus levels to jects. The most obvious effect was that familiar objects elicited less overall activity than did novel objects. This visual experience with the objects.
is shown in Figure 3b , which illustrates the average activity of all neurons to all novel objects and the correspondNeural Activity: Effects of Familiarity ing average activity to all familiar objects. During the We recorded a total of 324 neurons from the cortices sample interval and first part of the memory delay, novel of two monkeys (164 neurons were recorded with novel objects elicited significantly more activity than did familobjects, and 160 neurons with familiar objects; see Fig- iar objects (p ϭ 0.002, t test). No such difference was ure 3a). We first asked whether there were any general differences in activity depending on whether an object apparent in the last part of the delay (p Ͼ 0.1, t test), which has been associated with "prospective" coding of a forthcoming stimulus or action (Quintana and Fuster, 1992; Rainer et al., 1999) . Average activity during the late delay was, however, significantly above baseline for both familiar and novel objects (p Ͻ 0.01, t tests). We next assessed how many neurons showed activity that was dependent on the identity of the sample object. not essential for recognizing it reduce their responses, leaving behind a smaller number of more selective neurons that optimally represent the familiar stimulus. To the 100% stimulus level, this neuron showed greater test whether this was the case for the PF object repreactivity in response to a preferred object than to a nonsentation, we computed the depth of selectivity (S) for preferred object. Differences in activity between the obneurons that showed significant effects on the ANOVA. jects were less evident for degraded stimuli, however. The depth of selectivity provides a measure of how narTo quantify the amount of object information conveyed rowly tuned a neuron is to a given stimulus set (see by the activity, we used standard receiver operatingExperimental Procedures). We found that neural activcharacteristic (ROC) methods (see Experimental Proceity to familiar objects was modestly, but significantly, dures). Activity was evaluated across time using two more narrowly tuned for familiar than for novel objects methods, a "sliding" and a "cumulative" method. The (S familiar ϭ 0.30, S novel ϭ 0.24, p ϭ 0.046, t test). Thus, former provides a measure of the "moment-to-moment" familiarity of a set of objects resulted in (1) a reduction account of object information, whereas the latter proin average PF activity and (2) a decrease in the number vides a measure of the total amount of information conof neurons involved in representing the objects but (3) veyed up to a given point in a trial. The data for the narrower tuning to these familiar objects.
example neuron are shown in Figures 4e and 4f. At the 100% stimulus level, the object selectivity values reached around 0.95, indicating that this neuron could Neural Activity: Effects of Degradation Similar to the behavioral results, familiarity had strong distinguish between the two objects on 95% of trials. However, the object selectivity fell off rapidly toward effects on neural activity when the objects were degraded. For example, a single neuron's activity in relower stimulus levels. This indicates that the ability of this neuron to convey object information dropped off sponse to novel objects is shown in Figures 4a-4d . At sharply as the object was degraded. Below a stimulus were highly selective when objects were presented at the 100% stimulus level. However, note that for novel level of 85%, its object selectivity values were near chance level (0.50), indicating that it was communicating objects there was a steep drop in selectivity values for stimulus levels below 100%, while for familiar objects no reliable object information.
A neuron that showed selectivity for familiar objects the values formed a broad plateau. This means that selectivity collapsed when novel objects were degraded is shown in Figure 5 . Activity differences between a preferred and a nonpreferred object were evident not but remained high when familiar objects were degraded. To quantify this effect across the entire population of only at the 100% stimulus level but also when the objects were degraded (Figures 5a-5d ). At the 100% stimulus neurons, we compared each neuron's optimal performance at discriminating 100% objects to its optimal level, this neuron's object selectivity values were high (Figures 5e and 5f ), but unlike the neuron shown in Figure  performance at discriminating 65% objects (see Experimental Procedures). The 65% level was chosen because 4, they remained high at lower stimulus levels. This indicates that for this neuron, object selectivity was robust familiarity was most beneficial to the monkeys' behavior at that level (Figure 2 ). For both novel objects (Figures with respect to degradation. Even at stimulus levels of 65%-55%, the values were at 0.75 or above. Figure 6 7a and 7c) and familiar objects (Figures 7b and 7d) , most of the data points fall below the diagonal, indicating that shows object selectivity values for four neurons studied with novel objects (left column) and four neurons studied PF neurons conveyed more information about nondegraded objects (100%) than about degraded objects with familiar objects (right column). All eight neurons (65%). For novel objects, many neurons were highly depending on familiarity were highly significantly different (p Ͻ 0.0001, 2 test), and this was also true if only selective (exceeded an arbitrary object selectivity value of 0.85) at the 100% stimulus level (sliding: 63 of 160, the subset of neurons that were recorded at identical penetration sites and at similar depths was considered or 39%, cumulative: 67 of 160, or 42%). At the 65% stimulus level, however, only a small fraction of them (see Experimental Procedures). The fact that we found very few selective neurons in the novel object experimaintained their selectivity, i.e., exceeded a corresponding criterion value of 0.75 (sliding: 9 of 63, or 14%, ment at 65% stimulus was not merely a consequence of a general lack of selectivity of the neurons studied cumulative: 4 of 67, or 6%; Figures 7a and 7c). We used a criterion of 0.75 (rather than 0.85) because behavioral with novel objects. Indeed, at the 100% stimulus level, more neurons were highly selective for novel than for performance was below ceiling at the 65% stimulus level (Figure 2 ), and we expected this to be reflected in lower familiar objects; this selectivity was just not robust with respect to degradation. neural performance. In contrast to the selectivity for novel objects, fewer neurons were highly selective for
The above analysis focuses on neurons that were highly selective at 100% stimulus. The same pattern of familiar objects, but these were better able to discriminate the degraded objects. Of the neurons that were results was apparent when we considered the entire population of neurons, i.e., regardless of their selectivity highly selective to familiar 100% objects (sliding: 40 of 164, or 24%, cumulative: 39 of 164, or 24%), the majority at 100% stimulus. At the 65% stimulus level, fewer neurons had selectivity values of at least 0.75 for novel retained their selectivity when objects were degraded to the 65% stimulus level ( Familiarity resulted in relatively little improvement in illustrated in Figure 8 , which shows that the average improvement in the object selectivity values of the highly neural performance at higher stimulus levels (100% and 85%), presumably because, like the monkeys' behavior, selective neurons was correlated with the behavioral improvement at each stimulus level (correlation coeffiperformance was already high, and there was little room for further improvement. Also, at very low stimulus levels cient: R ϭ 0.93, R ϭ 0.95 for neurons recorded at "common" locations; see Experimental Procedures). The av-(45% and 0%), object discrimination was very difficult (or impossible), and there was little change in either erage ROC values for familiar objects were significantly greater than those for novel objects at the three intermeneural or behavioral performance with familiarity. The same was true for neurons; the largest improvements diate stimulus levels (55%, 65%, and 75% stimulus, p Ͻ 0.001, t test). Monkeys also showed a significant imin neural performance with familiarity were evident at the same stimulus levels for which there was also the provement in behavior at these levels (p Ͻ 0.001, t test; Figure 2 ). largest improvement in behavioral performance. This is These four panels compare the object selectivity at 100% stimulus to 65% stimulus for novel and familiar objects. (a) and (b) were generated using the cumulative, (c) and (d) using the sliding window, technique. Each data point corresponds to a single neuron; the symbols show the locations of the example neurons from Figure 6 . For each neuron, the preferred and nonpreferred objects were determined at 100% stimulus. Object selectivity values correspond to the maximum object selectivity observed at any time point. Highly selective neurons (at 100% stimulus) are shown in bold (familiar objects: n ϭ 39, novel objects: n ϭ 67) and lie to the right of a vertical line drawn at 0.85. Data points near the diagonal indicate similar object selectivity at 100% and 65% stimulus, whereas data points near the x axis indicate that object selectivity was not robust to degradation. To the right and below the scatterplots, histograms of the object selectivity for the highly selective neurons are shown.
Discussion
with high fidelity. The most object-selective neurons recorded in the present study performed at levels comparable to the psychophysical performance of the monWe report a neural correlate of visual learning in the PF keys. This differs somewhat from results reported for cortex. Experience improved monkeys' ability to disextrastriate area MT (middle temporal) during direction criminate a set of objects that were degraded with noise patterns. It also improved the ability of PF neurons to discrimination, in which the average neuron performed communicate information about object identity. Familiar similarly to the monkey (Newsome et al., 1989; Britten objects activated a smaller population of PF neurons et al., 1992). This is not surprising since for MT neurons, than did novel objects, but neural activity was more the stimulus was adjusted to be optimal for the neuron narrowly tuned to familiar objects, and their representaunder study (in terms of receptive field location and tion was more robust with respect to stimulus degrapreferred direction), whereas we did not and could not dation.
do this in the present study because learning was speSingle PF neurons communicated object information cific to the studied objects. Effects of experience on neural activity have been extensively studied in the somatosensory (Buonomano and Merzenich, 1998) and auditory (Weinberger, 1995) possible neural substrate for this kind of learning in humans as well.
Behavioral Task
The behavioral paradigm was a modified version of DMS. Each trial In sum, our results show that visual experience with began when the monkey grabbed a metal lever and initiated fixation objects has strong effects on both behavioral perforon a small spot of light at the center of the screen. After 1000 ms mance and neural activity in the PF cortex. It has been of fixation, a sample object was presented for 650 ms. This sample hypothesized that experience winnows the neural enobject could be any of the five objects at any of the seven stimulus semble representing a given object, leaving behind a levels (0%, 45%, 55%, 65%, 75%, 85%, or 100%). After a 1000 ms smaller group of neurons that optimally represent the delay, a test object was presented for 650 ms. The test object was learned object (Li et al., 1993) . The present study supalways at 100% stimulus and could be any one of the five objects.
ports this view and further describes an experience-
If on a given trial, the sample object was identical to or was a dependent increase in the robustness of the representadegraded version of the test object, monkeys had to release a lever tion for degraded inputs. This makes processing less to obtain a juice reward. In the case of the 0% stimulus level, monkeys were randomly rewarded for releasing the lever on half of the susceptible to noise and may reflect a general form of trials because the sample image contained none of the objects, and one-way ANOVA (evaluated at p Ͻ 0.05) using object identity as a factor for the entire sample period and delay period (from 100 to monkeys had to simply guess. If the test object did not match the sample object, monkeys had to hold the lever for the entire 650 ms 1650 ms after sample onset). In addition, we also performed a similar ANOVA (evaluated at p Ͻ 0.05) for the "prospective" period (from of test object presentation, and a second delay followed that was always terminated by a correct match requiring a lever release.
1250 to 1650 ms after sample onset). To quantify object selectivity, we employed ROC analyses (Green and Swets, 1966; Tolhurst et Monkeys did not need to retain object information in memory during this second delay; it was included only to ensure a behavioral real., 1983; Vogels and Orban, 1990). Essentially, a ROC measures the degree of overlap between two response distributions. Given sponse on every trial and was not included in any of the analyses. Match and nonmatch trials occurred equally often, and monkeys two distributions of neural activity A and B, we start by plotting for each possible firing rate the proportion of distribution A that had no way of predicting whether a particular trial would be a match or a nonmatch. Prior to the participation in the present study, both exceeded this criterion versus the proportion of distribution B that exceeded it. Calculation of the area under this ROC curve yields a monkeys had extensive experience with a standard DMS task using undegraded stimuli over a period of about 2 years. single number for that comparison. This analysis has several advantageous properties. First, it provides an assumption-free estimate of the degree of overlap between A and B; values near 0.5 indicate Stimuli large overlap between A and B, whereas values near 0 or 1 indicate To generate a stimulus set for one recording session, we started small overlap. Second, it can be conveniently interpreted as the by selecting five images of natural objects at 24-bit color depth, performance of an ideal observer in a two-way forced choice task. adjusted to 50 by 50 pixels in size. First, the mean intensity of each Third, it is independent of the firing rate of the neuron under study object was adjusted for each RGB channel to 100/255. Then we and can thus be used to compare the activity of neurons with widely computed the Fourier power spectrum (FPS) for each object using different baseline and dynamic firing rates. the fast Fourier transform (FFT) and calculated an average FPS by
In the context of the present experiment, we computed ROC area averaging the five individual ones from each of the objects. This values comparing each of the five objects to every other object (10 average FPS had the 1/f ␣ spatial frequency dependence that is comparisons) at each stimulus level (7 comparisons), resulting in a characteristic of natural images (Field, 1987; Tadmor and Tolhurst, total of 70 comparisons. Note that at the 0% stimulus level, we 1993; Brady, 1997). The average FPS was used together with the essentially compared one set of responses to noise patterns to unchanged Fourier phase to generate five new objects using inverse another set of responses to the identical patterns. We performed FFT. This procedure was applied to each RGB channel indepenthese calculations using all trials (correct and incorrect) and correct dently. The objects created in this way were thus equalized for trials only. Results were virtually identical, and data presented here intensity and Fourier power. Next, random noise patterns were obare based on all trials because at 0% stimulus, half of the trials tained by inverse FFT of random phase distributions (values ranging are arbitrarily assigned as incorrect, and excluding these from the from Ϫ to ϩ), together with the average FPS from the five original analysis makes comparison across stimulus levels more difficult objects. This resulted in random noise patterns that were matched since they would be based on an unequal number of trials. to the objects in terms of luminance and spatial frequency. Linear Because we were also interested in the time course of the object pixel-by-pixel interpolation was performed by linear combination of selectivity, we computed ROC area values at 32 different time points. each of the objects with each of four random noise patterns at seven We employed both a cumulative and a sliding bin method. For the stimulus levels, determined by pilot psychophysics. Isoluminance of sliding bin, we moved a bin of fixed size (200 ms) through the trial all frames within Ϯ10% was confirmed using a Photometer. Average by shifting it each time by 50 ms. For the cumulative bin method, luminance of the entire 4Њ by 4Њ stimulus was 14 cd/m 2 . Stimuli were estimation started with a window of 50 ms duration and began 100 displayed on a 17 inch computer monitor after appropriate gamma ms after sample presentation to adjust for the response latencies correction. Images were always presented at the center of gaze. of PF neurons. Successive time points were obtained by adding the Central fixation within a Ϯ1.25Њ window was required at all times data from an additional 50 ms until the entire sample period and during a trial. delay period (1650 ms) were considered together to obtain the last data point. For each neuron, we thus computed 2240 ROC area Novelty/Familiarity coefficients. Then, we determined the preferred and nonpreferred During the novel object experiment, a new set of objects was preobjects by selecting the comparison, which yielded the maximal sented to the animal each day. Thus, each set of objects presented ROC area at any time point (at 100% stimulus). We used the prein each session of the novel object experiment was completely ferred and nonpreferred objects because we wanted to quantify unfamiliar to the monkeys. In preparation for the familiar object how much object information it was communicating. To generate experiment, we allowed monkeys to perform the task with one set the surface plots of Figures 4-6 , we plotted the ROC area values of objects for about five consecutive behavioral sessions. We found of this comparison-the object selectivity-as a function of time that there was a continuous improvement in performance over 5 and stimulus level. The values in Figure 7 are based on the maxima days, but after that behavior was stable. Then, the (now familiar) (in time) of this optimal comparison for 100% and 65% stimulus set of objects was used for several recording sessions. Recording levels (not necessarily the same time slice). Note that preferred sessions with novel and familiar objects were conducted in an interand nonpreferred objects were those selected as yielding maximum mixed fashion, such that a session with familiar objects would often object selectivity values for each neuron. Thus, overall each neuron be followed by a session with novel objects and vice versa. The responded more vigorously to the preferred than to the nonpreferred behavioral data summarized in Figure 2 were collected during these objects. However, for some time bins (especially for the sliding bin recording sessions. To counterbalance for novelty, we used novel method), object selectivity could fall below the value of 0.5, indicatnoise patterns for every behavioral and recording session in the ing that during these intervals there were actually more spikes in familiar object experiment and the same noise patterns for all sesresponse to the nonpreferred object. sions during the novel object experiment. Noise patterns had to be novel every day in the familiar object experiment to prevent monkeys Depth of Selectivity from cheating by learning details about particular noise patterns.
The object selectivity defined above quantifies firing rate differences Familiar noise patterns were employed in the novel object experibetween the most and least preferred objects. In addition, we meament to equate the total amount of novelty between the two experisured the depth of selectivity (S), which takes all five objects into ments.
account ). This analysis was performed at the 100% stimulus level for the entire sample period and delay period, Data Analysis treated together (from 100 to 1650 ms after sample onset). The Data were analyzed using custom written MATLAB (MathWorks, depth of selectivity is defined as: Natick, MA) programs and the SPSS statistical software package. Background activity was assessed by averaging activity over the 400 ms of fixation prior to presentation of the sample object. Incidence of S ϭ n Ϫ ͚ R i R max n Ϫ 1 object selectivity at the 100% stimulus level was assessed with a where n ϭ number of objects, R i ϭ firing rate to ith object, and Goldstone, R. 
